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Abstract. Erosion and sedimentation pose ubiquitous problems for land and watershed managers, requiring delineation of
sediment sources and sinks across landscapes. However, the technical complexity of many spatially explicit erosion models
precludes their use by practitioners. To address this critical gap, we demonstrate a contemporary use of applied geomorphometry
through a straightforward GIS analysis of sediment sources in the San Francisco Bay Area in California, USA, designed to
support erosion reduction strategies. Using 2 m LiDAR DEMs, we delineated the entire river network in the Arroyo Mocho
watershed (573 kmz) at the scale of ~30 m segments and identified incised landforms using a combination of hillslope gradient
and planform curvature. Chronic erosion to the channel network was estimated based on these topographic attributes and the
density and size of vegetation, and calibrated to sediment gage data, providing a spatially explicit estimate of sediment yield
from incised channels across the basin. Rates of erosion were summarized downstream through the channel network, revealing
patterns of sediment supply at the reach scale. Erosion and sediment supply were also aggregated to subbasins, allowing
comparative analyses at the scale of tributaries. The erosion patterns delineated using this approach provide land use planners
with a robust framework to design erosion reduction strategies. More broadly, the study demonstrates a modern analysis of
important geomorphic processes affected by land use that is easily applied by agencies to solve common problems in watersheds,

improving the integration between science and environmental management.

1 Introduction and Objective

Incised channels are part of a common erosional cycle that pose challenges to watershed management across the globe. Incised
channels (inner gorges, arroyos, gullies, ravines, etc.) are often created by headward incision of the channel network in response
to local or regional base-level lowering (Schumm et al. 1984) or disturbances that increase sediment transport relative to supply
(Schumm 1999), such as land use changes like urbanization that greatly increase runoff (Booth 1991). Characteristically, channel
incision continues until a new equilibrium grade is achieved, then the channel widens by eroding oversteepened banks, and
aggradation begins (Schumm et al. 1984). In some environments, incised channels are part of a natural alternating cycle of
aggradation and degradation in response to episodic sediment supply (Bull 1997). Channel incision creates a variety of problems
including destruction of valley bottoms (arable land) and increased sediment yield aggrading downstream reaches (Patton and

Schumm 1975, Poesen et al. 2003).

Delineating the extent of channel incision across a watershed or landscape and quantifying erosion from such sources are
necessary to design erosion and channel sedimentation abatement measures. Mapping gullies using remote sensing began in the
1970s (e.g., Patton and Schumm 1975) but advancing digital technology in the 21% century now allows for ever more detailed

mapping using geographic information systems (GIS) and digital elevation models (DEM). Mapping the extent of incised
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channels can involve visual detection in conjunction with delineating a zone around channels based on stream order using GIS
(called buffering) (Perroy et al. 2010) or more automated approaches could be applied using digital terrain analysis (Evans and
Lindsey 2010, Castillo et al. 2014) or object-oriented classification of gullies (Shruthi et al. 2011, Johansen et al. 2012).
Quantifying erosion rates along incised channels often involves calculating the surface elevation difference between current and
pre-gully DEMs (Perroy et al. 2010, Evans and Lindsay) or using a time series of DEMs (Martinez-Casasnovas 2003). Spatially
distributed estimates of sediment yield from incised channels often require highly parameterized and calibrated models (e.g., Van
Rompaey et al. 2001, Pelletier 2012). The technical complexity of such approaches precludes their use by many watershed, land,
and resource managers (Guertin and Goodrich 2011) and consequently such agencies often resort to qualitative evaluations or

best professional judgment.

In this case study of a San Francisco Bay tributary, we delineate chronic annual erosion from the sides of incised channels and
estimate sediment yield at multiple scales using an approach readily understandable and accessible to planners that improves the
spatially explicit representation of sediment supply through the channel network. We use a topographic index that combines
slope and planform curvature to predict erosion potential (GEP) through the process of shallow failures (Miller and Burnett
2007, Benda et al. 2011). GEP values are calibrated to sediment yield from gage data and then reported to the channel network
and aggregated downstresam. In our ‘virtual watershed’ (Benda et al. 2015, Barquin et al. 2015) we derived a synthetic river
network directly from a 2 m LiDAR digital elevation model (DEM) and couple it to the terrestrial landscape via flow direction
and accumulation grids. Each ~30 m reach in the virtual watershed is coupled to its local hillslope contributing area (although
confined to the incised channel landform in our study application) and GEP and sediment yield values are transferred to the

reaches by that contributing area.

The study objective was to delineate and quantify the spatial distribution of chronic sediment supply from incised channels
across the Arroyo Mocho watershed in support of erosion reduction strategies. Ultimately, this study demonstrates a
straightforward GIS analysis of important geomorphic processes (erosion and sedimentation) often impacted by land use that can
be easily applied by watershed and land managers. Within the context of this special issue, our study provides a contemporary

example of applied geomorphomety, one designed to increase communication between science and resource planning.

2 Basin Physical Characteristics and Background

Arroyo Mocho basin drains 573 km? of the Livermore Valley and is tributary to Arroyo de la Laguna, which joins Alameda
Creek and drains to the San Francisco Bay, California (Fig. 1). Basin elevations range between 60 and 1200 m and mean annual
precipitation averages 428 mm (Prism 2012). Land use in the watershed includes a mix of urban, residential, and commercial
areas concentrated on the Livermore and tributary valley floors, with agriculture (e.g., vineyards) in the lower foothills and rural
areas in the uplands. Annual grasses are the dominant vegetation in the watershed. Sparse patches of remaining riparian
vegetation in the basin include willows, cottonwoods, occasional oaks, alkali sink scrub, and herbaceous scrub (Stanford et al.
2013), while conifers can be found in the higher elevations. The Livermore Valley is a large tectonically formed depression
(pull-apart basin) infilled with late Tertiary and Quaternary alluvial sediment (Graymer et al. 1996, Helley and Graymer 1997).
Major tributaries to Arroyo Mocho include Alamo, Tassajara, Cayetano, Altamont, Arroyo Seco, and Las Positas Creeks (Fig. 1).
Historically, broad distributary fans formed where these tributaries entered the Livermore Valley floor and lagoon ponding

occurred at the western distal end of the valley (Williams 1912), likely in response to massive landsliding from fault rupture
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(Ferriz 2001). The fans, valley floor, and marsh were channelized and drained in the late 1800s (Williams 1912) creating a direct
conduit to Arroyo de la Laguna (Fig. 1). The region has experienced several cycles of Holocene incision and alluviation from
climatic and tectonic forcing and more recently from land use changes and channelization (Rogers 1987, Mero 2015, Williams
1912). Headward growth of stream valleys and canyon cutting (arroyos and gullies) were the dominant geomorphic agents in the
basin (Hall 1958), where sediment from these incised channels are now chronically supplied by steep eroding banks (Bigelow et
al. 2012a). At larger drainage areas, the incision created continuous arroyos cut into valley fill that are more permanent features
on the landscape. At smaller drainage areas, the incision created discontinuous or patchy gullies cut into both narrow valley fills
and colluvial hillslopes that are likely more ephemeral features. The engineered flood control channels on the Livermore valley
floor (Fig. 1) are currently aggrading in some areas, providing the primary motivation for this study to inform sediment reduction

efforts by local government jurisdictions.

In addition to bank erosion from incised channels, mass wasting processes also occur in the uplands, primarily earthflows
(Davenport 1985, Wentworth et al. 1997, Roberts et al. 1999, Majmundar 1991 and 1996). The southern hills are underlain by
the hard meta-sedimentary rocks of the Cretaceous Franciscan Formation with patchy outcrops of the Plio-Pleistocene Livermore
Gravels. Here, the steep topography is dominated by deep-seated landslides or earthflows, most of which are old and no longer
active. The eastern hills are underlain by the Cretaceous Great Valley Sequence and Miocene sedimentary units that tend to have
steep slopes prone to earthflows. The northern hills are comparatively gentler, underlain by the Livermore Gravels and Miocene

sedimentary rocks that produce clay rich soils prone to earthflows.

3 Methods

Channels in the Arroyo Mocho watershed are most often characterized by arroyo or gully forms: an incised topography within a
broad valley floor, with steep and occasionally bare eroding banks. The raw banks appear to dominate the chronic annual supply
of sediment to channels in the study basin, and thus represent the main source of sediment to the aggrading channels
downstream. In general, the low gradient valley floors above arroyo banks cannot topographically erode or deliver sediment to
the channel. In the steeper upland channels bordered by colluvial hillslopes (i.e. no valley floor), most of the sediment production
occurs on the channel banks and hillslope areas adjacent to the channel, including the toes of earthflows that intersect the
channel; hillslopes farther from the channel do not appear to deliver sediment on an annual basis. Based on these observations,
we confined the analysis of erosion sources to areas adjacent to channels (e.g., the arroyo or gully landform). We used a GIS
buffer of 6 times the bankfull width around the channel that generally captures the steep eroding banks of the incised channel
form (e.g., Perroy et al. 2010). To estimate bankfull channel width, we used a San Francisco Bay Area regional regression
relationship based on drainage area (Dunne and Leopold 1978). The buffer maximizes the inclusion of hillslope areas that
contribute sediment annually (e.g. toes of earthflows), but excludes areas that are not directly connected to channels. The defined

erosion source area (98 kmz) is referred to as the buffered incised channel network.

We delineated and quantified the spatial distribution of chronic sediment supply from banks along incised channels that can
include earthflow toes (can include the processes of small shallow failures and raveling) across the Arroyo Mocho watershed
using a virtual watershed platform (NetMap) that has been applied in similar applications elsewhere (Benda et al. 2007, 2009,
2011, 2015, Bidlack et al. 2014, Barquin et al. 2015, Flitcroft et al. 2015). The primary tasks in the analysis included:
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1. Generate a synthetic and attributed stream layer within the virtual watershed.

2. Estimate erosion potential of incised channel banks using a topographic index that includes hillslope gradient and

planform curvature.

3. Modify erosion potential based on vegetation density and size.

4. Convert erosion potential to sediment yield using river gage data.

5. Aggregate erosion predictions at various scales: buffered channel reaches, subwatershed, tributary watershed, channel

network.

3.1 DEM and Stream Network

An attributed stream channel network was delineated using a 2 m DEM based on algorithms for flow direction and channel
delineation described by Clarke et al. (2008). The DEM was compiled and resampled from a 0.3 m DEM for the majority of the
watershed within the dominant jurisdictional boundary (Alameda County) and a 3 m DEM for small portions of the watershed
that lie in other counties, all derived from Light Detection and Ranging (LiDAR) data collected by the U.S. Geological Survey.
The channel network was divided into a linked set of channel segments (ranging from 2 — 80 m length, averaging 30 m). Each
segment of the channel network was attributed with a suite of parameters calculated from the DEM including elevation, drainage

area, stream gradient, stream order, valley width, and other attributes (Miller et al. 2002, Benda et al. 2007).

3.2 Estimating Erosion Potential from Incised Channels and Other Sources

Erosion in the form of shallow landslides, gullies and surface erosion is often driven by slope steepness and slope curvature
(Dietrich and Dunne 1978, Sidle 1987). To estimate a measure of erosion potential in the watersheds, we used a dimensionless

index (Eq. 1) that employs slope gradient and local topographic convergence (Miller and Burnett 2007, Benda et al. 2011):

GEP=S-ay/b e))]

where GEP is the generic erosion potential, a;, is a measure of local contributing area to a DEM pixel equal to the number of
adjacent pixels that drain into it (varies between 0 and 8), and b is a measure of topographic convergence equal to the projection
of flow direction out of a pixel onto the pixel edges. Values of b are 1 on planar slopes, less than 1 on convergent topography,
and greater than 1 on divergent topography (Miller and Burnett 2007). GEP is a dimensionless index of erosion potential with
values from 0 — 1, where larger values correspond to steeper, more convergent topography prone to higher landslide densities,
surface erosion, and higher gully-initiation-point densities (Miller and Burnett 2007). Thus, GEP is used as a relative index of

erosion potential along the incised channels in the Arroyo Mucho study area.

33 Modifying Erosion Potential by Vegetation

We observed that arroyo and gully bank erosion was often reduced by vegetation in the Arroyo Mocho basin, where larger and
denser vegetation created stable channel bottoms and banks. Reaches that had little to no vegetation had more exposed, actively

eroding banks compared to reaches that had shrubs or trees established on the banks. Where present, the effect of shrubs and
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trees in reducing erosion in these arroyo channel systems is particularly pronounced because there is little organic groundcover
other than the dominant vegetation of annual grasses. Vegetation reduces erosion by lessening raindrop impact, providing
increased soil strength through the root network, and thus reducing surface erosion, rill erosion, and shallow bank slumps and
slips (e.g., Thornes 1985, Thorne 1990, Prosser and Dietrich 1995, Simon and Darby 1999, Abernethy and Rutherford 2001,
Micheli and Kirchner 2002). In addition, increasing tree age (and thus rooting extent and depth) is related to increasing stability
of the soil (Sidle 1987), and tree height and canopy width are proportionally related to rooting width and depth (e.g. McMinn
1963, Smith 1964, Tubbs 1977, Gilman 1988). These relationships provide a basis for using tree height as a proxy for root spread

and thus soil stability as described below.

While approaches linking vegetation and associated rooting strength to specific types of erosion have been developed for highly
localized scales (e.g., Roering et al. 2003), such empirically-based quantitative approaches to reduce erosion potential using
remotely sensed vegetation attributes have yet to be developed. Consequently, many erosion models simply use broad categories
of land cover (e.g., forest, scrub, etc.) to reduce erosion potential over vast areas regardless of the individual size of vegetation
within the categories (e.g., Renard et al. 1997, Booth et al. 2014) or infer similar generalized relationships, for example, Pelletier
(2012) assumed a linear relationship between vegetation (leaf cover) and sediment detachment. We also assume the occurrence
of vegetation reduces erosion potential, but use a relationship that includes both the effects of vegetation cover and rooting width
and depth in each 2 m grid cell, using tree height as a proxy for root spread and related soil stability. Based on the supporting
literature discussed and our field observations that indicate bank erosion activity is related to vegetation density and size (i.e.
vegetation height and thus root spread), we developed a simple expression (Eq. 2, Fig. 2) that governs how erosion potential is

reduced by vegetation height and use that to scale the GEP index.

Erosion reduction = 0.1906 In(tree height in m) + 0.136 2)

Eq. 2 simulated that grasses are less effective than shrubs, and shrubs are less effective than larger trees in reducing arroyo bank
erosion. In the absence of more quantitative techniques, this method provides an incremental improvement on the previous
approaches mentioned above. To reduce GEP based on vegetation height, we created a vegetation height and density grid (2 m)
in GIS using the first (representing the tallest vegetation) and last (representing the ground surface) return LiDAR points.
Because the tree canopy height of each 2 m grid cell is represented, this grid also represents the density of vegetation, another
factor that can reduce erosion (e.g. Beeson and Doyle 1995, Wang et al. 2004). We then created an erosion reduction grid by
converting (normalizing) the vegetation height grid to the same 0 — 1 scale as GEP where a grid cell with a tree canopy height of
1, 21, or 42 m (maximum tree height) would be normalized to 0 - 1 scale values of 0.14, 0.72, and 0.85, respectively (i.e. 14, 72,
and 85% erosion reduction). The resulting erosion reduction grid was subtracted from the initial GEP grid to estimate erosion
sources. For example, where a grid cell has a GEP value of 1 and a corresponding erosion reduction value of 0.5, the resulting
modified GEP would be 0.5. Where there was no vegetation, GEP values were unchanged. Maximum GEP reduction due to the
greatest vegetation height was 0.85 (85%). We were unable to obtain raw LiDAR for Santa Clara County, so it was not possible
to create a vegetation reduction grid for this small southeastern portion of the watershed at the headwaters of Arroyo Mocho

canyon (Fig. 1).
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34 Conversion to Sediment Yield

To provide a more meaningful view of spatially explicit erosion across the watershed, we converted the dimensionless GEP
index to sediment yield. We linearly scaled the independently estimated sediment yield rate to GEP values. High values of GEP
represent higher erosion rates and lower values of GEP represents lower erosion rates. We converted GEP to sediment yield by

multiplying each GEP grid cell by the following conversion factor (Eq. 3):

. mean sediment yield rate at Verona Gage
conversion factor =

mean GEP buffered channel network A
where mean GEP along the buffered channel network is the mean of all GEP grid cells within the buffered channel network (e.g.,
GMA 2007, Benda 2011). A previous study identified an average sediment yield of 155 tonnes km™ yr' for the entire drainage
area (573 km?) using sediment collection data from 1994 to 2006 (suspended and bedload) using the Verona Gage on Arroyo de
la Laguna (Bigelow et al. 2008)(Fig. 1). In the current application that restricts the analysis to the buffered channel network
(drainage area of 98 km?), an average sediment yield rate of 906 tonnes km™ yr' was calculated using the same sediment gage

data.

35 Spatial Distribution of Erosion at Various Scales and through the Channel Network

To evaluate the spatial distribution of chronic sediment sources from incised channels across the study basin, we calculated,
aggregated, and mapped GEP and sediment yield at four scales: pixel, buffered reach area, subwatershed, and tributary basin.
We also aggregated (summed and area weighted) the estimated sediment yield through the stream network to illustrate how
sediment yield varies downstream through the channel network. The aggregated sediment yield value at the bottom of the
watershed equals the basin average sediment yield. To estimate sediment eroding to each reach, the buffered channel network
was discretized to define the drainage area on each side of the channel reach, also referred to as local contributing area or
drainage wings. The total GEP and sediment yield within the drainage wings were attributed to each segment (reach) of the
channel network. To estimate the total sediment yield at a given stream segment, GEP and sediment yield was cumulatively

added moving downstream and divided by total upstream drainage area of the buffered channel network.

The delineation of erosion from incised channels was checked with direct field observations and through remote sensing, by

draping erosion predictions over satellite imagery.

3.6 Sediment Storage Potential

As indicated previously, sediment supply from the incised Arroyo Mocho channel network is aggrading portions of the
engineered flood control channels on the Livermore Valley floor. Sediment supply and aggradation of the flood control channels
could be reduced by promoting sediment storage at upstream locations, for example by reconnecting channels to floodplains. To
help land managers identify ideal upstream locations for sediment storage, we developed a sediment storage potential index (Eq.
4):

s 7 valley width index
storage potential index = 4 4)

stream power index
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where the stream power index is drainage area * gradient, and the valley width index (e.g. Grant and Swanson 1995) is valley
width (at 2 x bankfull depth) divided by channel width. Channel width and bankfull depth were estimated using regional
regressions (Dunne and Leopold 1978), while gradient, drainage area, and valley width were extracted from the DEM using
algorithms within NetMap (Miller et al. 2002, Benda et al. 2007). Stream power reflects the ability of a channel to transport or
store sediment, where streams with higher stream power have less opportunity to create large in-channel storage reservoirs in
contrast with streams of lower power that can store sediment. The valley width index reflects the potential width of the flood

plain for sediment storage.

4 Results and Discussion
4.1 Field and Remote Sensing Observations of Erosion

Viewing roughly 50% of the channel network on satellite imagery, we consistently observed steep eroding banks (bare of
vegetation) in areas with high GEP values throughout the watershed. Conversely, we observed much more stable banks with
vegetation in areas with lower GEP values. Similar observations were made for earthflow toes. The agreement between erosion
predictions and imagery observations was also confirmed during two days of field observations throughout the watershed (Table

1, Fig. 3, also see extensive photo documentation in Bigelow et al. 2012a).

4.2 What is the spatial distribution of chronic erosion from incised channels at various scales across the watershed?

The spatial distribution of erosion (GEP) and sediment yield reveals strong patterns at the scales of pixel, reach, subwatershed,
and tributary watershed scales. Starting at the smallest scales, the spatial distribution of GEP and estimated sediment yield can be
evaluated at the level of individual pixels (4 m?) to identify discrete eroding banks (Fig. 3). To place the example shown on Fig.
3 in practical terms for land managers, the eroding bends shown are chronically contributing an estimated 10 tonnes of bank
material per year, a little less than one dump truck worth of sediment. This estimate reflects a temporally averaged yield,
however, erosion in the region is highly episodic (e.g., Ellen and Wieczorek 1982, Bigelow et al. 2008). Consequently, the actual
temporal dynamics are that such a bank may retreat several meters in an extreme event yielding hundreds of tonnes to the
channel, followed by many years of little or no erosion. Moving up to the buffered stream reach scale (mean 586 mz), the spatial

distribution of erosion can be used to highlight eroding bends and banks along entire valley segments (Fig. 3).

Scaling up to the subwatershed distribution of erosion (mean 2.7 km?, Fig. 4) shows the most erosive valley segments are not
isolated to a single larger basin, but are generally grouped into several steep or heavily incised areas across the entire Arroyo
Mocho watershed. Such areas include steeper uplands or canyon areas where the channel impinges on and erodes high terraces,
or where the toes of earthflows impinge on the channel. In addition to these steep erosive subwatersheds, other subwatersheds in
the lower Tassajara and Cayetano basins also display higher estimated sediment yields (Fig. 4). These areas are prone to
earthflows from clay rich expansive soils produced from the underlying Plio/Pleistocene and Miocene sedimentary units. At the
subwatershed scale, the more erosive areas have estimated sediment yields roughly 3 — 8 fold higher than more stable areas (Fig.

4).

The spatial distribution of GEP and estimated sediment yield at the tributary basin scale (mean 51 km?) varies considerably (Fig.

5). At this largest scale, the more erosive areas are concentrated in the steeper dissected basins of the southeastern and eastern
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watershed, primarily the upper Arroyo Mocho basins, Arroyo Seco, and Altamont Creek, where GEP values and estimated

sediment yield are 3 fold higher than western areas at the basin scale (Fig. 5).

4.3 What is the estimated sediment yield down through the channel network?

Estimated sediment yields aggregated through the stream network (summed and area weighted) illustrate how sediment yield
varies downstream through the channel network (Fig. 6). Similar to the spatially explicit distribution of GEP and sediment yield
across the terrain (Figs. 3 - 5), this channel segment scale analysis illustrates higher sediment supply from the more dissected
steep terrain of Arroyo Mocho canyon. We also aggregated the total sediment yield downstream by segment and divided it by the

total load to show the percentage of the load by tributary (Fig. 7).

4.4 How Can Spatially Explicit Erosion Estimates Inform Sediment Reduction Efforts?

Prioritize sediment source control. The spatial distribution of GEP and estimated sediment yield at the various scales across
the terrain and through the channel network provides a physical basis for evaluating and prioritizing sediment reduction
strategies within a large watershed or region. The spatial distribution of erosion at the subwatershed scale (Fig. 4) is perhaps the
most useful for prioritizing potential source control activities, where as the spatial distribution of sediment yield through the
channel network (Fig. 6) can focus source control at a finer scale, showing which channels to focus on, rather than entire
subwatersheds. This spatially explicit representation of erosion allows watershed managers to target limited funds to areas where

they will achieve the most reduction in sediment supply.

Prioritize areas for sediment storage. In combination with the spatial distribution of erosion (Figs. 3 — 7), watershed managers
can also use other parameters extracted from the DEM to prioritize areas for sediment storage downstream of the most erosive
areas. In our study basin, the Livermore Valley was historically highly depositional, where tributaries deposited sediment as
broad coalescing fans across the valley floor (Williams 1912). Where there is sufficient space to allow channels to reoccupy
floodplains, we estimated ideal locations for promoting sediment storage (e.g., reconnection of channels to floodplains). Using
Eq. 4, sediment storage potential is estimated to vary considerably across the stream network, where certain portions of the
mainstem streams are estimated to have a higher potential for sediment storage compared to other segments (Fig. 8). These
estimations do not capture local forcing of sediment storage from channel constrictions (e.g. bridges) or tributary confluences

that may exert primary controls on aggradation.

5 Utility and Adjustments

The spatially explicit erosion modeling approach used here demonstrates a straightforward GIS analysis incorporating
contemporary geomorphmetric techniques that only requires a DEM and vegetation height layer and characterizes erosion from
incised stream banks and the toes of earthflows. The erosion model can also be used to characterize most other forms of erosion
(e.g., Miller and Burnett 2007, Benda et al. 2011). Accordingly, this approach should appeal to those seeking a simpler easily
applied erosion model with wider applications compared to more complex models that are highly parameterized or limited to
specific erosion processes. Like all geospatial tools and models, this approach can be adapted and improved for specific
applications and objectives. For instance, erosion rates could be adjusted based on other factors not accounted for in this study

such as higher erosion rates for weaker lithologies or precipitation gradients across large basins. As an example, we describe two
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potential improvements to refine estimates in our study basin to characterize longer term, decadal sediment yield and the bedload

component.

Decadal Sediment Supply. The estimated sediment yield in this study represents an average condition using only topographic
and vegetation attributes that characterize chronic (annual or persistent) sediment supply from bare steep channels banks.
However, sediment supply in many landscapes is highly variable in both space and time resulting from episodic processes driven
by interactions among storms, vegetation, and topography (Benda and Dunne 1997). In the San Francisco Bay region, episodic
mass wasting triggered during El Niflo storms can dominate decadal sediment supply (Ellen and Wieczorek 1982, Bigelow et al.
2008). For example, Arroyo Mocho is tributary to Alameda Creek, where a single flood event comprised 48% of the total load
over a 13-year period (Brown and Jackson 1973). Episodic mass wasting sources in decadal sediment supply can be estimated
through a more detailed sediment budget approach (e.g., Reid and Dunne 1996), or more simply by increasing the sediment yield
in active mass wasting areas based on regional literature values. For example, two similar studies (GMA 2007, Bigelow et al.
2012b) used digitized maps of active earthflows and local literature values of earthflow rates to appropriately increase the
sediment yield estimates at these discrete locations within the watersheds. This approach in part accounts for differences in
lithologic erosion rates across the basin, as higher sediment yields from earthflows often occur in specific formations that

produce clay rich soils (e.g. Keefer and Johnson 1983).

Bedload Yield. This study approach characterizes total sediment supply to the stream network without regard to the proportion
of bedload to the overall yield. Some characterization of the bedload yield variation throughout the stream network would better
constrain source control efforts to areas that have a higher bedload yield aggrading downstream reaches. Primary controls on
bedload yield are typically drainage area and lithology, where the proportion of bedload generally decreases downstream due to
particle attrition (abrasion and breakage) (e.g. Madej 1995, Benda and Dunne 1998) and attrition rates will also vary based on
lithology, where harder rocks in a catchment produce a larger bedload component (Madej 1995, Turowski et al. 2012, Mueller
and Pitlick 2013, O’Connor et al. 2014). This type of characterization could involve tumbling mill analysis of colluvium
throughout the watershed to estimate attrition rates by lithology (e.g., O’Connor et al. 2014). The spatially variable bedload yield
throughout the stream network could be simply estimated by a proportion of the overall sediment yield that decreases
exponentially with increasing drainage area (e.g., Dietrich and Dunne 1978). This decay function would be further adjusted
based directly on lithology attrition rates within the watershed relative to each other. More involved estimates of the variation in

bedload yield are also possible (e.g., Madej 1995, Collins and Dunne 1989, Benda and Dunne 1997).
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Table 1. Summary of agreement between erosion (GEP) predictions and erosion observed on satellite imagery and in the field.

Tributary Basin GEP Value Observed
Lower Alamo Creek High High
Lower Alamo Creek Moderate Moderate
Lower Alamo Creek Low Low
Upper Alamo Creek High High
Upper Alamo Creek Moderate Moderate
Upper Alamo Creek Low Low
Lower Tassajara Creek High High
Lower Tassajara Creek Moderate Moderate
Lower Tassajara Creek Low Low
Upper Tassajara Creek High High
Upper Tassajara Creek Moderate Moderate
Upper Tassajara Creek Low Low
Cayetano Creek High High
Cayetano Creek Moderate Moderate
Cayetano Creek Low Low
Altamont Creek High High
Altamont Creek Moderate Moderate
Altamont Creek Low Low
Arroyo Seco High High
Arroyo Seco Moderate Moderate
Arroyo Seco Low Low
Lower Arroyo Mocho High High
Lower Arroyo Mocho Moderate Moderate
Lower Arroyo Mocho Low Low
Middle Arroyo Mocho High High
Middle Arroyo Mocho Moderate Moderate
Middle Arroyo Mocho Low Low
Upper Arroyo Mocho High High
Upper Arroyo Mocho Moderate Moderate
Upper Arroyo Mocho Low Low

Top Arroyo Mocho High High
Top Arroyo Mocho Moderate Moderate
Top Arroyo Mocho Low Low
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Figure 1. Arroyo Mocho watershed showing the six major basins, mainstem channels, and flood control channels.
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Figure 2. Estimated general relationship between tree height (as a proxy for root spread) and erosion reduction (bank stability) used to scale
GEP estimates. Relationship based on field observations and the general relationship between vegetation size and bank stability (see text for
details).
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Figure 3. Incised channel on lower Tassajara Creek basin showing GEP and estimated sediment yield at the reach scale (upper) and satellite
image (lower left) with pixel scale GEP draped over image (lower right).
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Figure 4. GEP and estimated sediment yields at the subwatershed scale.
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Figure 5. GEP and estimated sediment yields for the 11 major basins in the Arroyo Mocho watershed. Values in parentheses are the percentage

of the total estimated sediment yield for Arroyo Mocho contributed by each basin.
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Figure 6. Estimated sediment yield aggregated downstream (summed and area weighted) through the stream network for mainstem streams

(draining areas > 2 km?).
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Figure 7. Pezrcentage of total estimated sediment yield aggregated downstream through the stream network for mainstem streams (draining
areas > 2 km”).
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Figure 8. Estimated relative sediment storage potential for mainstem channels (draining areas > 2 km?) based on valley width index and stream

power (see text).
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